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GUIDE TO THE USE OF THIS MONOGRAPH 

The purpose of this monograph is to organize and present, for effective use in space vehicle de- 
velopment, the significant experience and knowledge accumulated in development and opera- 
tional programs to date. I t  reviews and assesses current design practices, and from them establishes 
firm guidance for achieving greater consistency in design, increased reliability in the end prod- 
uct, and greater efficiency in the design effort. The monograph i s  organized into three major 
sections that are preceded by a brief introduction and complemented by a set of references. 

The State of the Art, section 2, reviews and discusses the total design problem and identifies which 
design elements are involved in successful designs. It describes the current technology pertaining 
to these elements. When detailed information is required, the best available references are cited. 
This section serves as a survey of the subject that provides background material and prepares a 
proper technological base for the Criteria and Recommended Practices. 

The Criteria, shown in section 3, state clearly and briefly what rule, guide, limitation, or standard 
must be imposed on each essential design element to insure successful design. The Criteria can 
serve effectively as a checklist for the project manager to use in guiding a design or in assessing 
its adequacy. 

The Recommended Practices, as shown in section 4, state how to satisfy each of the criteria. 
Whenever possible, the best procedure is described; when this cannot be done concisely, appro- 
priate references are provided. The Recommended Practices, in conjunction with the Criteria, 
provide positive guidance to the practicing designer on how to achieve successful design. 

Both sections (Criteria and Recommended Practices) have been organized into decimally 
numbered subsections so that the subjects within similarly numbered subsections correspond 
from section to section. The format for the Contents displays this continuity of subject in such a 
way that a particular aspect of design can be followed through both sections as a discrete subject. 

The design criteria monograph is not intended to be a design handbook, a set of specifications, 
or a design manual. It is a summary and a systematic ordering of the large and loosely organized 
body of existing successful design techniques and practices. Its value and its merit should be 
judged on how effectively it makes that material available to and useful to the user. 





NASA experience has indicated a need for uniform criteria for the design of space vehicles. Ac- 
cordingly, criteria are being developed in the following areas of technology: 

Environment 
Structures 
Guidance and Control 
Chemical Propulsion 

Individual components of this work will be issued as separate monographs as soon as they are 
completed. This document, Space Vehicle Accelerometer Applications, is one such monograph. 

A list of all previously issued monographs can be found at the back of this publication. 

These monographs are to be regarded as guides to design and not as NASA requirements, except 
as may be specified in formal project specifications. It is expected, however, that the criteria 
sections of these documents, revised as experience may indicate to be desirable, eventuall; will 
be uniformly applied to the design of NASA space vehicles. 
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1. 

SPACE VEHICLE ACCELEROMETER 
APPLICATIONS 

INTRODUCTION 

This monograph deals with the application of accelerometers for navigation, guidance, and con- 
trol of space vehicles. Accelerometer applications are influenced by many factors arising from 
functional requirements, environment, and instrument performance. The performance require- 
ments and capabilities of these devices require that their selection and use must be thoroughly 
and carefully evaluated. The measurement of low-g acceleration and the navigation and guidance 
functions related to velocity and position determination demand the highest accuracy among 
accelerometer applications. Reduced accuracy is acceptable in some applications - for ex- 
ample, the control of acceleration due to engine thrusting and the velocity change associated with 
trajectory alterations. Minimum accuracy is required in many of the monitoring applications 
where the magnitude of shock or vibration is the primary parameter of interest. 

Selection of a particular accelerometer for a particular application requires careful evaluation 
and sound engineering judgment. The intangible characteristic of flight-proven performance, 
i.e., the established reliability under actual operating conditions, is of immense importance. It 
has been far more attractive to deal with the modification of a flight-proven component than to 
deal with a completely unknown or unproven component. This is especially true of NASA ap- 
plications, in which the accomplishment of mission goals is emphasized and in which proven 
hardware components and experience can be drawn from closely related defense applications. 

Reference 1 defines an accelerometer as “. . . . a device that uses the inertial reaction of a proof 
mass for the purpose of measuring linear or angular acceleration.” In this document an acceler- 
ometer is considered to be a device that uses the inertial reaction of a proof mass to provide an 
output that is a known function of acceleration. Therefore, the “accelerometer” includes the 
electromechanical parts such as the proof mass, type of restraint, pick-off, and other electronic 
parts required to provide the output. 

Section 2. of the monograph presents information concerning the general characteristics of ac- 
celerometers and the specific details of recent space vehicle applications. Section 3. presents a 
condensed listing of criteria (or factors) that are important in the application of accelerometers 
to space vehicles. Elaboration on these criteria in the form of recommended practices is con- 
tained in section 4.  Not all of the items discussed may be pertinent to every application. The 
document is not a design handbook-and should not be used as such; it is primarily intended to be 
used as background and informative material and as a guide to thorough and sound practice. 
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2. STATE OF THE ART 

2.1 Tech nica! Introduction 

2.1.1 The Physics of Accelerometer Applications 

2 



Analogous to the linear acceleronrster, an angular accelerometer utilizes the inertia I of a bal- 
anced proof mass to develop a torque in response to an applied angular acceleration a . This is in 
accordance with the angular form of Newton’s Second Law; i.e., 

where T is the developed torque. These two fundamental relationships govern all accelerometer 
design. The great majority of accelerometer applications involve linear accelerometers; however, 
angular accelerometers exist and have been applied in space vehicles. In reality, the situation is 
not nearly so straightforward as it may appear above. A comprehensive treatment of the situation 
must carefully consider all of the components that influence the output of an accelerometer. 

The vehicle acceleration includes gravitational and nongravitational effects. The accelerometer 
will respond to any effect that will induce relative motion between the proof mass and the case. 
This is a point of some confusion because gravityaffects a vehicle movement in inertial space even 
though it cannot be sensed by the accelerometer. Therefore, the effect of gravity must be account- 
ed for in a computational way. It is helpful to consider the accelerometer output under various 
conditions to clarify this point: 

(1) In free fall, the accelerometer has no input and the output is only the accelerometer bias. 
(2) With only thrust applied, as in space, the accelerometer output contains the bias and the 

acceleration due to thrust. 
(3)  On the surface of the Earth, the accelerometer is supported by a force equal to the gravi- 

tational force, and free fall is prevented. Under these conditions, the accelerometer out- 
put contains bias and the acceleration due to the supporting force (equal to gravity). If the 
instrument is accelerated from a rest position (for example, by propulsive forces), that 
acceleration will also be coupled into the accelerometer. 

The accelerometer is typically intended to sense linear acceleration along its input axis. However, 
the linear acceleration along the input axis produces only one of the many force components 
arising from factors both outside and inside the instrument. Outside the instrument, system con- 
siderations such as the mounting location and orientation in the vehicle and both the angular ac- 
celeration and angular velocity of the vehicle are important. Inside the instrument, nonlinear and 
cross-coupling effects can produce undesired components in the output signal. It is the task of the 
system engineer to minimize the external factors and the joint task of the system and instrument 
engineers to minimize the internal factors. The instrument engineer has control over the internal 
factors in the instrument design. The importance of these factors depends upon how the instru- 
ment is used in the system. 

The external and internal factors are depicted in the block diagram of figure 1. At the left of the 
diagram, all of the components of inertial acceleration are listed. These include the acceleration 
of the vehicle in inertial space, various dynamic accelerations (centripetal and tangeqtial) of a 
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2.1.2 Accelerometer Principles 
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Figure 1 ,-Accelerometer input-output considerations 



2.1.2.1 Accelerometer Capture Loops 
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The choice of loop is a major consideration in accelerometer selection. The accelerometer is 
chosen with either analog or pulsed output to match the interface into which the accelerometer 
works. For example, an accelerometer with an analog capture loop and an analog-to-digital 
(A/D) converter at the output is one practical way to match a digital interface. It is important 
to remember that the loop must be chosen to provide maximum restraint (a tight loop) of the 
proof mass consistent with other system requirements. Advantages and disadvantages for each 
loop as applied to the particular situation must be considered in this selection. Although the 
following discussion is in terms of the “force” applied to a proof mass that has linear motion, 
it is equally valid for the case in which torque is applied to a pendulous device. Capture tech- 
niques discussed below include the pure analog loop, the analog loop with digital conversion, 
the binary pulsed loop, and the ternary pulsed loop, as well as the use of gyroscopic precession 
torque and rotating dragmagnet torque. Additional information regarding capture loops can be 
found in refs. 8 and 9. Some of the loop considerations that have been identified are summarized 
in table 1. 

0 ANALOGLOOP 

In the analog loop, any error signal developed in the pick-off is used to develop a force on the 
proof mass that will drive the proof mass back to null. Displacement of the proof mass is there- 
fore limited by the overall gain of the capture loop and the resolution of the pick-off. Since the 
restraint force developed is a function of the developed current, this current becomes a measure 
of acceleration. 

With its instantaneous response to an input, the analog loop has the shortest response time of any 
loop now in application. Current supplied to restrain the proof mass varies with the acceleration 
input. This in turn varies the heat dissipated within the instrument and can induce errors in the 
output signal. Elimination of these errors requires careful control of temperature within the 
accelerometer. Analog loops interface well with control applications, which are analog, but they 
cannot interface directly with digital computational applications. 

0 ANALOG LOOP WITH DIGITAL CONVERSION 

This loop is identical to the analog loop described above, except that an A/D converter is used in 
the interface between the accelerometer and the computer. This provides required digital out- 
puts from an analog input. The proof mass is still restrained in analog fashion. With this loop, 
the output can be provided simultaneously in analog format and in digital format if the particular 
application requires both. Dual scaling of the digitized output can also be provided. This type of 
loop provides good null stability and bias characteristics, and it interfaces well with digital com- 
ponents. Dynamic range is about the same as in a pulsed loop. 

The choice between a pulsed loop (see below) and an analog loop with A/D conversion may not 
have received the attention that it merits. In the Titan I11 D vehicle, the velocity meter for engine 
cutoff uses an accelerometer with an analog feedback loop and A/D conversion. The selection 
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of this mechanization was based on a comparison with a digital-pulse-captured accelerometer. 
The digital device possessed the required accuracy but was more complex. A major factor in 
the selection was the requirement that the velocity meter not fail in a way that would shut off the 
engine before orbit insertion was achieved. From this viewpoint, the analog loop with A/D con- 
version was judged to have superior reliability. 

0 BINARY PULSED LOOP 

The binary pulsed loop continually applies alternate pulses to the proof mass to drive it back and 
forth across null. When acceleration is applied, the proof mass is displaced from null. Additional 
pulses are supplied in the direction required to maintain the proof mass at null. Summing these 
pulses provides direction and magnitude of applied acceleration. 

A binary loop can be implemented in various ways. The two major formats utilized are pulse 
frequency modulation and pulse width modulation. In pulse frequency modulation, precision 
pulses are fed to the instrument at a constant rate with the polarity required to drive the proof 
mass toward the null position; the cyclic period is allowed to vary. Time delays and lags in the 
capture loop can cause the switching action to be a pulse or two late in relation to proof mass 
displacement. At zero input, the sum of the (+) and (-) pulses is zero except for any errors that 
may result from unequal scaling between (+) and (-) pulses. In pulse width modulation, the 
pulse amplitudes (positive and negative) and the cyclic period are fixed but the relative dwell 
times in the positive and negative states are allowed to vary with input acceleration. 

Since pulses are constantly supplied, binary pulsed loops operate with a relatively constant power 
dissipation, thus minimizing temperature variations that can otherwise be created indirectly by 
acceleration inputs. Because the power is constant, some thought should be given to the instru- 
ment’s operating temperature and its influence on instrument performance. Other loop charac- 
teristics of interest are summarized in table 1. 

0 TERNARY PULSED LOOP 

The ternary pulsed loop applies precision pulses opposing proof mass displacements that exceed 
a predetermined value. The output of &is loop has three states ( + , 0, - ). Pulses can be applied in 
either direction, either (+) or (-). Zero instrument output is an absence of pulses, a condition 
that results when the proof mass displacement is within the detection limits and is not the result 
of instrument malfunction. During periods of low input acceleration, the proof mass is nearly 
motionless and its displacement builds up slowly until the detection limits are reached, at which 
time a pulse will be issued. In this situation, velocity information is stored in proof mass dis- 
placement and no loss of information results. The ternary loop has the potential advantage of 
requiring low power during periods of low acceleration. The power to the torquer does vary 
with input acceleration, however, and this can induce thermal variations in the instrument as 
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Figure 4.-The linear-suspension accelerometer. This figure shows the simple spring-mass 
accelerometer. The floated slug leveler has a similar configuration, with the 
proof mass supported on a frictionless gas film; see section 2.1.2.4. 

PENDULOUS AXIS 

Figure 5.-The pendulous torque balance accelerometer 

0 LINEAR PROOF MASS SUSPENSION (OPEN LOOP) 

The simplest form of linear accelerometer is shown in figure 4. It consists of a proof mass 
restrained between two springs with a damper and a pickoff. In operation, as the case is acceler- 
ated, the proof mass moves relative to the case. As the proof mass is displaced from its nominal 
position within the case, the restraining spring produces a force on the proof mass which accel- 
erates it. Under the influence of a constant acceleration, the proof mass will reach an equilibrium 
position which is displaced from its nominal position. In the equilibrium condition, the force 
exerted on the proof mass by the spring is proportional to the acceleration acting on the case in 
accordance with Newton’s Second Law. Since the restraint force of the spring is proportional 
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to displacement, the displacement also becomes a measure of the acceleration acting on the case. 
Ideally, the proof mass will have only one degree of freedom (along the input axis) and will not 
respond to accelerations along the CI‘OSS axes that lie in a plane normal to this input axis. Many 
suspensions exist that meet this ideal with varying degrees of exactness. 

The open loop linear accelerometer with a linear proof mass suspension is not widely used for 
high-accuracy applications. A primary difficulty in the device arises from the internal forces 
acting along the input axis. These forces include the friction between the proof mass and its 
support and the friction in the pick-off or damper if they contain any sliding parts such as a po- 
tentiometer or a piston damper. Accuracy of this configuration can be improved by eliminating i 
all sliding contacts such as a potentiometer or bearing support of the proof mass. This can be 
done by using a capacitive or inductive pick-off and then supporting the proof mass on some sort 
of flexure (cantilever beam, diaphragm, etc.), but there are accuracy limitations in these 
supports. For maximum accuracy, both the linear and the pendulous devices utilize a floated 
proof mass or support the proof mass on a flexible reed hinge. This provides improved axis 
definition since motion of the proof mass along the sensitive axis is allowed and since there is 
maximum constraint of motion along the cross axes in the plane normal to the input axis. 

0 LINEAR PROOF MASS SUSPENSION (CLOSED LOOP) 

Accuracy can be improved further by designing to remove all sliding contacts, as outlined above, 
adding a forcer to allow closed loop operation, and suspending the proof mass by flotation, hinge, 
etc. In actual aDplication, the forcer maintains the proof mass close to its nominal position (null), 
and the current required in the forcer becomes the required measure of acceleration. This 
configuration is known as a “force balance accelerometer.” Closed loop operation is discussed 
in section 2.1.2.1. 

0 PENDULOUS PROOF MASS SUSPENSION (CLOSED LOOP) 

If the proof mass suspension is pendulous and is restrained by a feedback loop, the device is 
identified as a “torque balance accelerometer”, but it may still be used to sense linear accelera- 
tion. This type of accelerometer is depicted in figure 5. The capture loop of the torque balance 
accelerometer operates by sensing the motion of the pendulum from its null position, passing 
the sensed signal through a high-gain amplifier, and using the amplifier output to excite the torque 
generator and produce a restoring torque. Any of the capture loops described earlier in this sec- 
tion can be adapted to the pendulous proof mass. 

Several mechanical suspensions are used with a pendulous proof mass. Highest accuracy requires 
some sort of flexible.hinge. This call take the form of crossed reeds, a cantilevered beam, or a 
flexible strip that is analogous to a piano hinge. Either is capable of providing the required rigid- 
ity along two axes and low restraint along a third axis, which is perpendicular to the plane of 
maximum stiffness. 
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The alternative concept is to use a mass-balanced inertia to sense angular acceleration in a man- 
ner that is completely analogous to the translational mass sensing of linear acceleration. A major 
problem exists with this angular accelerometer because problems with material instabilities make 
it difficult to maintain mass balance. Mass unbalance makes the device sensitive to linear accelera- 
tion as well as to angular acceleration. This type of sensor has been utilized in the Apollo program 
(see ref. 10). In the early Apollo Guidance and Navigation Systems (Block I), angular accelero- 
meters were used to provide a method to stabilize the gimbal servo drives of the platform by 
extending the bandwidth for high drive rates. On later systems (Block 11), the angular differ- 
entiating accelerometers were removed because of the high noise-to-signal ratio and were re- 
placed with a passive network. 

2.1.2.4 Tilt Sensors 

Tilt sensors are used to define the two horizontal axes in a stable platform application. The device 
senses a component of vertical acceleration whenever it is tilted away from the horizontal posi- 
tion. The sensed component is then used in a closed-loop nulling operation to level the platform. 

Tilt sensors include the bubble level and the free, or very lightly restrained, pendulum. These 
devices are null sensors rather than calibrated accelerometers, and the angular range of opera- 
tion can be quite small. In some stable platforms the platform accelerometers themselves are 
used to provide the leveling function. In order to perform the leveling function, however, the 
platform accelerometers must have low threshold levels and good resolution with respect to the 
required leveling accuracy, which is at least 20 arc seconds (10-4 g) and perhaps closer to 2 arc 
seconds (10-5 g). 

The bubble level, shown in figure 8,, is a curved section of a nonconducting material that contains 
several electrodes and a captive bubble. As the device is tilted, the bubble moves with respect 
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to the upper electrodes and changes the resistance between each of them and the electrode at the 
bottom. The difference in resistance, measured by associated electronics, is an indication that 
the bubble level and the base upon which it is mounted are tilted. The tilt indication can then be 
used in a feedback loop to provide leveling action. The device is very simple, performs very well, 
and is capable of accuracy on the order of arc seconds. Bubble levels can be configured to pro- 
vide one- or two-axis information in the same unit. 

A gas film supported leveler is used in the alignment of the Saturn V launch vehicle guidance 
platform. The proof mass,is a slug that is supported on a gas film bearing to eliminate sliding fi-ic- 
tion. A cutaway view of the device (Fig. 9), shows how the damping is provided by a gas cham- 
ber and exhaust orifice. A small spring restraint force is obtained electromagnetically, and the 
pick-off is inductive. The operation is similar to that of the bubble level, in that the proof mass 
is displaced by a component of gravity whenever the device is tilted. The proof mass displace- 
ment is then sensed and used to null out the tilt and, therefore, level the platform. This device 
can provide alignment accuracies on the order of arc seconds. 

2,1.2.5 Other Accelerometers 

Other types of accelerometers have been used in applications not specifically discussed in this 
document. Some of these instruments are summarized below. 

0 THE VELOCITY METER 

The velocity meter shown in figure 10 is an integrating accelerometer. Acceleration acting upon 
the pendulous mass causes a rotation of the pendulum, which is sensed by the pick-off. The error 
signal is amplified and applied to the motor. The motor then applies a balancing torque to the 
pendulum through the eddy current magnetic drag cup. Since the torque transmitted through the 
drag cup is proportional to motor speed, that speed is proportional to the applied acceleration. 
The total motor rotation angle, sensed by counting the number of motor revolutions, is a measure 
of the velocity. This configuration was successfully applied in early Minuteman platforms. 

0 THE VIBRATING STRING ACCELEROMETER 

The vibrating; string accelerometer is shown in figure 11. It consists fundamentally of two vi- 
brating strings (or metallic ribbons) that are connected to a pair of proof masses. The vibratTon 
frequencies of the strings are directly related to the tension in the strings. When the device is 
accelerated in a direction parallel to the string, the proof masses act to increase the tension in 
one string and to decrease the tension in the other string. This causes the vibration frequencies 
to increase and decrease respectively as the tensions change. The difference in the two vibra- 
tion frequencies is used as a measure of the acceleration. Application of the vibratingstring 
accelerometer to the SERT I space vehicle is discussed in reference 2. 
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0 THE MESA ACCELEROMETER 

For applications where extremely low g levels are considered, the Miniature Electrostatic Ac- 
celerometer (MESA) is the only configuration that has been flown recently. The application 
in the SERT I1 vehicle (see ref. 12) required measurement of the low thrust levels produced by 
an ion propulsion system. It is reported that accelerations on the order of 10-6 g were measured 
in flight with 3% accuracy. 

The MESA was also used in the Low-g Accelerometer Calibration System (LOGACS). In 
that application (see ref. 13), the accelerometer measured the drag deceleration on a satellite 
in orbit. 

The MESA accelerometer utilizes an electrostatically suspended pulse-captured proof mass. 
Each pulse corresponds to an increment of velocity; the total change in velocity can be deter- 
mined by adding pulses. It is reported (see ref. 14) that accelerations on the order of 10-8 g 
have been measured with the MESA in laboratory calibration work. The ultimate threshold of 
the MESA has not been determined. 

2.1.2.6 Summary 

This section has presented a very brief description of the basic types of accelerometers that are 
related to space vehicle applications. The closed loop accelerometers of the force and torque 
balance types, with either an analog or a pulsed restraint loop, and the pendulous integrating 
gyroscopic accelerometer have dominated recent high-accuracy applications in space vehicles. 

2.1.3 Space Vehicle Accelerometer Functions 

Accelerometers are used in space vehicles to perform a number of functions related to guidance 
and control. Each function influences accelerometer selection in terms of the acceleration levels 
to be sensed and the accuracy required to perform the function satisfactorily. These factors, in 
turn, influence the input range and the accuracy requirements of the accelerometer instrument. 
Typical values of these parameters are discussed below and shown in chart form in figure 12. 

2.1.3.1 Leveling 

Leveling is associated with the prelaunch alignment of a stable platform with respect to the local 
vertical. This is usually accomplished through the use of a leveling device or the accelerometers 
that are mounted on the platform. In the leveling function, it is usually desirable to level the 
platform to within 2 to 20 arc seconds of local vertical, and this requires sensing accelerations 
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on the order of 10-4 g to 10-5 e; With the more accurate types of accelerometers, having 10-6 g 
accuracy, leveling on the order of 1 arc second or better can be achieved. 

Platforms can be levelled by bubble levels, pendulums, or the platform accelerometers them- 
selves. If the platform accelerometers are used, the platform is positioned through a calibration 
routine and outputs of the accelerometer noted at several positions. From this data, local verti- 
cal (horizontal) is calculated. To use the PIGA as a leveler, its output signal must be processed 
to remove angular velocity and Earth rate effects to isolate the local vertical. This is necessary 
since the device is gyroscopic and is sensitive to Earth rate as well as local vertical acceleration. 

2.1.3.2 Guidance and Navigation 

The guidance and navigation function relates to several phases of flight including boost, velocity 
change (or trajectory alteration), guidance, reentry, and landing. The acceleration levels and 
accuracy requirements are somewhat different for each. Inertial navigation is a broad subject 
and several texts are available (see, for example, refs. 15 and 16). 

0 BOOST 

The inertial measurement unit is used to provide acceleration signals that are processed to obtain 
velocity and position information for navigation and guidance. Boost acceleration levels are 
on the order of 5 to 10 g. Accuracy requirements are on the order of 10-5 g. 

0 VELOCITY CHANGE AV 

This function is related to guidance maneuvers and the alteration of the spacecraft trajectory. 
This type of velocity change is used in midcourse guidance, orbit insertion, and orbit trim. The 
acceleration levels used are typically on the order of 0.1 g and the required accuracy is on the 
order of 10-3 g (see ref. 17). For station-keeping of spacecraft in synchronous orbits, the accelera- 
tion level during velocity change is on the order of 10-3 g. 

0 GUIDANCE STEERING 

The steering function is related to maneuvers and alteration of the spacecraft trajectory by the 
use of thrust vector control. The thrust direction is determined from the velocity-to-be-gained 
vector. Accelerometer outputs are used by the guidance computer to update the guidance infor- 
mation and control the thrust vector orientation during the burn period. The acceleration levels 
are on the same order of magnitude as for velocity change. 
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The accelerometers on spinning vehicles can be used to accomplish some sophisticated moni- 
toring functions (see sec. 2.2.1.2). The acceleration levels associated with these functions are 
relatively low and accuracies on the order of 10-3 g are required. 

Another monitoring hnction is the measurement of low-g acceleration associated with the 
development of low-thrust engines for space applications and with drag measurements in near- 
Earth orbits. The acceleration levels are on the order of g and must be measured with 
reasonably high accuracy. Low-g measurement currently utilizes the MESA and, in some cases, 
the vibrating string accelerometer. This topic is discussed in references 2, 12 and 13. Low-g mea- 
surement and associated problems are discussed in references 18 and 19. 

2.1.3.4 Summary 

Given the development of a comprehensive mission description and the definition of environ- 
mental and performance factors, it is possible to derive a set of requirements for a particular 
accelerometer configuration. History indicates that it is usually possible to find an accelerometer 
to meet the requirements of a given mission without compromising performance. It is often neces- 
sary to modify an existing instrument, but these changes are usually related to adjustment of the 
instrument characteristics and are not major, or conceptual, changes. In considering any accel- 
erometer, a high value is placed upon previous flight experience in estimating how the particu- 
lar accelerometer will influence the mission and vehicle. 

2.2 History of Applications 

This history of accelerometer applications is based on available literature and is summarized in 
the mission charts, (Tables 2 and 3). Three major points can be made: 

(1) The majority of space vehicle applications utilize a very limited variety of accelerometers. 

(2) Many hardware configurations have been considered but only a few have been reduced 
to successful practice. 

(3)  Only one area (very-low-g inputs) is at the “state of the art.” Hardware configurations 
exist that will meet, or exceed, the requirements for other applications considered. 
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TABLE 2.-Mission chart, launch vehicles and upper stages (continued) 

1 
Application 

Acceleroineter 

Manufacturer 
No. used (designer) 

Agena 

Agena, new 

Burner11 

Centaur 

Centaur, 
advanced 

Lockheed 

Lockheed 

Boeing 

General Dynamic 

NASA/LeRC 

Velocity cutoff 

Velocity cutuff 

Velocity cutoff 

Strapdown 
guidance system 

Velocity cutoff 

Stable platform 

Monitor 

Stable platform 

Honeywell 

Bell 

Bell 

Honeywell 

Honeywell 

Honeywell 

Bell 

Honeywell 

Model 

GG 177 

IIIB 

VIIB 

GG 177 

GG 177 

GG 116 

[I1 B 

GG 177 

Torque balance, flexure 

Torqur balance, flexure 

Torque balXncr, flexure 

Torque balance, flexure 

Torque balance, flexure 

Torque balance, pivot-jewel 

Torque balance, flexure 

Torque balance, flexure 

Capture 
Loop 

Pulsed ternary 

Pglsed ternary 

Analog with 
A/D conversior 

Pulsed binary 

Pulsed ternary 

Pulsed binary 

Analog 

Pulsed binary 
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Spacecraft 5s: 
Intelsat N Atlas/Centau 

Lunar Orbiter Atlas/Agena 

Mariner Mars 
1971 

PAET 
(Planetary 
Atmospheric 
Entry Test) 

PRIME 
maneuvering 
enhy 

X4A, B 

Ranger 

Sert I1 

AtlasjCentau 

scout 

Atlas/Agena 

Thor/Agena 

Surveyor AtlasKentau 

Tiros Delta 

Viking Lander Titan III/ 
Centaur 

Viking Orbiter Titan III/ 
Centaur 

TABLE S.-Mission chart, spacecraft (continued) 

Accelerometer 

User( s ) 

Hughes 

Boeing 

JPL 

NASA/ ARC 

Martin- 
Marietta 

JPL 

NASA/LeRC 

JPL/Hughes 

RCA 

Martin- 
Marietta 

Hamilton 
Standard 

JPL 

Application 

Attitude 
stabilization 
(nutation 
damp ) 

AV; mid- 
course, orbit 
insertion, 
orbit trim 

AV; mid- 
course orbit 
insertion, 
orbit trim 

Reentry mea- 
surement 

Strapdown 
SIGN I1 

Stability 
augmentatioi 

AV; mid- 
course 
guidance 

Low-thrust 
nieasuremen 
( 10-2 grams: 

AV; mid- 
course 
guidance 

Servo 

Guidance 

AV, mid- 
course orbit 
insertion, 
orbit trim 

lo. usa 

2 

1 

1 

4 

1 

1 

1 

3 

4 

2 

Manufacturer 
(designer) 

Kistler 

Kearfott 

Bell 

HoneyweU 

Systron- 
Donner 

Bell 

Bell 

S y s tr o n - 
Donner 

Kistler 

Bell 

Kearfott 

Model 

303B 

16 PIP 

2401 

VI1 

GG 177 

4310 

I11 B 

MESA 

4310 

303 B 

IX RB 

2401 

Force balance 
flexure 

Floated, 
torque 
balance, 
electro- 
magnetic 

Torque 
balance, 
flexure 

Torque 
balance, 
flexure 

Torque 
balance, 
flexure 

Torque 
balance, 
pivot-jewel 

Torque 
balance, 
flexure 

Electrostatic, 
force balanci 

Torque 
balance, 
pivot-jewel 

Force balanct 
flexure 

Torque 
balance, 
flexure 

Torque 
balance, 
flexure 

Capture 
Loop 

balog 

'ulsed binary 

Unidirectional, 
pulse on 
demand 

Analog 

Pulsed binary 

Analog 

Unidirectional, 
pulse on 
demand 

Pulsed 

Analog 

Binary, pulse 
width modu- 
lated 

Unidirectional, 
pulse on 
demand 

r t l  

f l  

0 to 0.5 

- 125 to +: 
-80 to + I  

*3 

t- 0.5 

0.07 

+ 10-4  

k75 x 1& 

Thrust axi! 
+ 20 

Lateral ad 
* 5  

0 to 1.2 

Comments 

d u n d a n t  

ledundant 
accelerom- 
eters on 
thrust axis 

ledundant 
accelerom- 
eters on 
thrustaxis 



2.2.1 Specific Applications 

2.2.1.1 Guidance and Navigation 
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plex, but has been able to demonstrate uncertainties of less than 10-6 g with high reliability and 
long life. The PIGA block diagram is illustrated in figure 13. 
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In addition to the PIGA configuration, other integrating accelerometer configurations based on 
a classic pendulum design have been developed. The Centaui' guidance platform employs a 
flexure-supported pulse-captured pendulous integrating accelerometer. These were used to 
determine platform level prior to launch and to determine velocity during launch. 
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The Apollo Command Module (CM) and the Apollo Lunar Module (LM) employ a floated pulse- 
capture pendulum. These are also platform systems. The Centaur, Apollo CM and LM, Ranger, 
Mariner, and Viking all use pendulous instruments. In one application (Centaur), the pendulum 
is supported on a flexure; in another (Apollo), the pendulum is floated. In the Centaur, Apollo 
CM, and Apollo LM, accelerometers are mechanized as shown in figure 14. 
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Figure 13.-Integrating accelerometer, PIGA 
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The guidance system for the Viking Lander uses four linear accelerometers in an orthogonal 
triad and employs redundancy on the thrust axis which is critical to the performance of a suc- 
cesshl landing. One of the two thrust axis accelerometers is designated as prime and the other as 
backup. Both of the instruments oDerate throughout the descent and landing but the guidance 
system accepts data from only one of them. The choice of accelerometer is made following an 
in-board checkout prior to separation from the Viking Orbiter and the start of descent. To pro- 
vide the capability for checking and switching accelerometers during descent would have in 
xeased both weight and power consumption. It was also determined that the increase in com- 
plexity would have decreased total system reliability. Therefore, once the choice is made (prior 
to start of descent), there will be no further provision for checking or switching accelerometers. 

Three different applications were identified in which an accelerometer was employed to per- 
form midcourse velocity correction. These are: 

Vehicle 

(1) Control of vehicle acceleration by 
controlling level of engine thrust. 

(2) Control of vehicle velocity change by 
integrating acceleration during engine burn. 

( 3 )  Guidance steering during engine burn. 

Surveyor 

Mariner Mars 1971 
Apollo CM and LM 
Lunar Orbiter 
Ranger 
Viking Orbiter 

Apollo CM and LM 
Viking Lander 

Fig. 15 

Fig. 14 

Fig. 14 

The Surveyor vehicle utilized a pendulous analog capture accelerometer, as shown in figure 15, 
for midcourse correction and for soft landing on the Moon. In this configuration, the output was 
used to control the thrust developed by the rocket motor. Velocity change was proportional to 
the time duration of the controllcd thrust. For additional details, see reference 22. 

On Mariner Mars 1971, the accelerometer operates as shown in figure 14 to measure changes in 
spacecraft linear velocity during motor burns. Spacecraft acceleration levels during motor burns 
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(see ref. 23). Load alleviation problems are reasonably well understood because, in a sense, they 
are also present in aircraft applications and have been treated for many years. 

The advent of spin-stabilized space vehicles has led to some new and unusual applications for 
accelerometer instruments with regard to control and monitoring. A spinning spacecraft can 
be either a stable or unstable configuration depending upon whether the vehicle is spun about an 
axis of maximum or minimum moment of inertia respectively. Structural flexibility and fuel 
sloshing contribute to nutational instability. These stability problems have led to the develop- 
ment of active nutation damping systems that use accelerometers as sensing elements. 

An active nutation damper for a spinning spacecraft ,(see ref. 24) is shown in figure 16.  It 
consists of a force balance accelerometer mounted with its input axis parallel to the vehicle 
spin axis. Control electronics and a reaction control jet provide the stabilizing torque to the 
spacecraft. The centripetal and tangential components of acceleration due to nutation produce 
a sinusoidal output at the accelerometer. The amplitude and frequency of the output signal are 
related to the amplitude and frequency of the nutational motion. The proper phasing of the 
damper system is achieved through the angular placement of the accelerometer with respect 
to the reaction control jet. This type of active nutation control system has been flown on the 
Applications Technology Satellite (ATS)-C, D, and E and on three Intelsat IV vehicles. The 
accelerometer signal has also been telemetered back to ground stations and displayed to allow 
manual control of the damper system. The manual mode of operation has been demonstrated 
many times on all of the spacecraft cited above. The nutation damper also has an inverse mode 
of application, in that it can be used to control the spin velocity of a vehicle having a stable con- 
figuration. In a stable configuration, the nutational motion dies out with time but the momen- 
tum associated with it shows up as a change in the spin rate of the vehicle. The spin rate of the 
ATS-C satellite was increased from 86 to 100 revolutions per minute by using the nutation con- 
trol jet. 

The accelerometer also provides the capability to perform several valuable monitoring functions 
in a spinning space vehicle: 

(1) Time constant measurement. The time constants of convergent and divergent nutational 
motions indicate both vehicle characteristics and damper effectiveness. The time con- 
stant is readilv obtained __ from ~- the telemetered _________ acceleration - _. - - signal. 

(2) Mass property measurement. Fuel usage is the typical cause of changes in the ratio of 
roll to pitch moment of inertia in spinning space vehicles. Monitoring this inertia ratio 
provides an alternative method of determining fuel usage. Measurement of the body nuta- 
tion rate with the accelerometer and the spin period with a separate sensor provides the 
information necessary to determine the desired inertia ratio. 

(3) Thrust and vibration monitoring. The accelerometer provides a method of monitoring 
the thrust of the boost and apogee motors and of the control jets. It also provides usable 
and valuable information on structural characteristics because it shows structural vibra- 
tion responses to the applied thrust forces. 
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it can be shown that the along-trajectory direction, where acceleration is high, is critical to ac- 
celerometer scale factor but not so critical to accelerometer bias. The cross-axis accelerations, 
where acceleration is low, are critical to bias but nearly insensitive to scale factor. For a gim- 
balled platform, the influences resolve into accelerometer requirements in a different way than 
for a strapdown system. In a strapdown system, assuming that the vehicle is aligned to the flight 
path, different accelerometers can be chosen for the longitudinal axis and the cross axes, with 
the longitudinal accelerometer chosen primarily for scale factor and the cross axis accelero- 
meters chosen primarily for bias characteristics. In a gimballed stable platform, the orientation 
with respect to the flight path is varying, and all three accelerometers must have both good 
scale factor and good bias characteristics. 

Strapdown navigation systems provide lower cost, fewer parts, and higher reliability than plat- 
form systems. There is also some decrease in weight and power, but there is an increase in com- 
puter complexity, and alignment tolerances are tighter. Strapdown systems are not as widely 
used as platform systems; however, their use is increasing as additional computer capability 
becomes available. 

2.3 Advanced Applications 

In advanced applications, there may be changes in accelerometer instruments, in the functions 
which they are used to perform, and in the environments in which they must perform. Current 
accelerometers are adequately performing required tasks and, therefore, the motivation to pro- 
duce a radically improved instrument is limited. As was pointed out earlier, the accelerometer 
state of the art is being challenged only in the measurement of very low levels of acceleration. 
It is likely then that, in the immediate future, the use of existing concepts and devices will be 
emphasized. Continued efforts to increase the reliability and reduce the cost of existing devices 
may result in improvements. 

2.3.1 Advanced Instruments 
Advanced instruments have been proposed using physical principles related to the laser, the 
Gunn effect, the Mossbauer effect, and many other phenomena that are sensitive to acceleration 
(see ref. 5) .  None of these devices has been related to forthcoming applications. The instru- 
ments that do have a practical tie to future applications are not really new concepts but rather 
'new implementations of existing concepts. One such device is the vibrating beam accelerometer, 
based on principles that are used in the vibrating string accelerometer that preceded it histor- 
ically. 

a VIBRATING BEAM ACCELEROMETER 

The vibrating beam accelerometer (VBA), shown in figure 20, is closely related to the vibrating 
string accelerometer. The VBA contains two proof masses, each of which is supported on a flex- 
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Additional applications for low-g accelerometers are anticipated. One potential application is 
in the determination of spacecraft orbits. Current methods of determining orbits with ground 
tracking are reaching the limits of their accuracy. The possibility of using low-g accelerometers 
to obtain increased measurement accuracy of orbit determination is being considered. 

2.3.3 Guidance and Navigation Applications 

The basic sensors are capable of even better performance than they are being used for in today’s 
applications. At least two manufacturers report the threshold level of the flexure-type suspen- 
sion to be on the order of 10-7 g. The required improvements that will allow full exploitation 
of this potential performance are needed in the electronic rebalance loops that are used with 
these sensors. It is expected that rapid improvement of the electronic segments will be seen in 
the next two or three years. 

There is current interest in another facet of future applications that is related to system mainte- 
nance. This is the concept of a replaceable accelerometer module for space applications. The 
replacement of an accelerometer in space must necessarily include proper mechanical alignment 
of the new component in the system without requiring elaborate test equipment or lengthy pro- 
cedures. The “replaceable module” concept is also attractive in other applications where less 
complex system maintenance is of interest. It has been implemented for evaluation in the system 
described in reference 25. 

2.3.4 Environmental Factors 

Environmental factors may have reached a state of stability in some respects, since shock, vibra- 
tion, and acceleration levels are largely related to the boost and reentry phases and to the vehicles 
used in these phases; the only new launch vehicle and reentry vehicle now in the planning stage 
are for the Space Shuttle. Temperature environment will continue to be a major factor in future 
applications, with the temperature environment of the deep space applications estimated to be 
severe. 

3. CRITERIA 

Because of the wide range of inputs, accelerometers should be selected on the basis of the specific 
application and anticipated mission conditions. The accelerometer should meet the required 
accuracy, reliability, and performance within the allotted volume, weight, and power constraints. 
Design should be such that all known factors that could affect reliability or performance have 
been evaluated and controlled to assure mission success. Consideration must be given to the 
accelerometer‘s functional characteristics in the actual operating system. It should be demon- 
strated, by a suitable combination of analytical and experimental studies, that the accelerometer 
will function as intended in the system. Experience has shown that the best possible accelero- 
meter design is one that has a well documented history of performance and success. 
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3.2.2 Com pa ti bi I i ty with Mission Req u ire men ts  

In any application, an accelerometer is chosen first on its probability of guaranteeing mission 
success. The choice of a particular type of accelerometer depends on the function it must per- 
form and the accuracy expected. These two major considerations must be clearly defined. It 
follows that complexity, performance, life expectancy, and system environments must then 
be evaluated. A history of success in a similar application is always a major consideration. 

Accelerometer selection is based on a wide range of parameters. An exhaustive list of accelero- 
meter design tradeoff considerations is impractical since each application is unique. Selection 
of the important parameters must be left to the judgement of well qualified technical individuals, 

An error budget should also be developed. The error budget should define expected errors 
resulting from parameter variations that are controlled by the system interface document. 

If similar application history can be obtained, these data should be evaluated to provide insight 
into expected reliability. The data should also be evaluated to determine if any unanticipated 
conditions exist in any proposed new application. This data can be extremely valuable in that it 
can provide insight concerning instrument life in a similar use cycle. Data can also be used to 
determine how long performance and reliability have been monitored. 

3.2.3 Program Milestones and Component Specifications 

Formal milestones should be identified and schedules for their completion provided. These 
milestones should provide management with adequate program insight so that program status can 
be determined at any time. The milestones should also serve the purpose of stimulating com- 
munication between system level and component level activities in order to promote resolution 
of difficulties through the tradeoff process. 

Accelerometer performance specifications should be realistic in terms of mission and system 
requirements and manufacturing feasibility. Particular care should be taken to identify and 
describe unique requirements and estimate acceptable limits for them. Unique environmental 
requirements arise in the areas of temperature, shock, and vibration. The need for any special 
controls should be identified. When possible, an estimate of how the instrument output is af- 
fected should also be provided and verified at the earliest opportunity. 

3.3 Tradeoff Factors 

The large number of tradeoff factors that exist in any accelerometer selection program should 
be considered in order to arrive at an optimum configuration. These tradeoff factors may be 
grouped under considerations of performance, reliability, and cost. 
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large instrument population that can provide high confidence in the statistical approach. For 
small populations emphasis should be placed on reliability engineering techniques in the design, 
fabrication and test phases. 

Redundancy should be considered as a technique for improving overall system reliability. 
The use of more than one accelerometer per axis in critical applications should be considered. 
Where more than three accelerometers are employed (for three-axis measurements) skewing 
the input axes (placing input axes in a nonorthogonal orientation) should be considered as a 
means of increasing system redundancy. 

The effects of changes in materials and processes should be considered and evaluated against 
the unknown effect that these changes will have on reliability. Changes must be limited to those 
that are absolutely required and, even then, it is imperative that they be evaluated completely. 

3.3.4 cost 
The cost of an accelerometer is a consideration that must take a subordinate position to mission 
success. There are many ways to reduce cost: for example, by chosing a proven design, in order 
to reduce development costs. Cost can be minimized by various tradeoffs that can provide the 
least overall program complexity. In each case, cost reduction must be accomplished within 
the reliability constraints that will assure mission success. 

3.4 Testing and Evaluation 

3.4.1 Major Testing Classification 
There are three major testing levels that provide data for assessing overall accelerometer per- 
formance. These are: 

(1) In-process tests. Tests of subcomponents before instrument assembly. 

(2) Functional tests. Tests on completed instruments, leading to acceptance into operational 
systems. 

(3) System tests. Tests on completed instruments after installation into operational systems. 

Test results at these three levels should be monitored and evaluated to establish relationships 
between failure modes and the effectiveness of corrective actions. 

3.4.2 Test Planning and Specification 

Testing requirements for an accelerometer should be carefully specified in a separate test speci- 
fication. The method of test, equipment used, data to be obtained, method of data reduction, 
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mounted in the vehicle. Some means should be provided to verify alignment to system axes 
after installation. In-flight calibration should be considered and utilized where practical. 

3.5.2 Accelerometer Component Level Tests 
The accelerometer testing program should attempt to minimize the problems associated with 
the change from laboratory electronic sets to system level electronic sets. There are inevitable 
differences in impedances, resistances, etc. between these two electronic sets. These differences 
are often reflected as large unexplained differences between laboratory and system level test 
results. 

3.5.3 Subsystems Test 

All accelerometer packages should be s-ubjected to a limited acceptance level test at system in- 
stallation. These tests should include any environmental tests and performance tests deemed 
applicable. Performance should be in accordance with the documentation that controls the 
interface between the accelerometer and the system. 

3.5.4 System Tests 

To the extent practical, tests should be made at the system level to verify accelerometer per- 
formance. As a minimum, scale factor and bias and their stability should be determined. This 
can be accomplished by suitable calibration and/or monitoring techniques. 

3.5.5 Test Data Evaluation 
All available test data on the accelerometer should be reviewed prior to installation of the system 
in the vehicle. This evaluation requires expert engineering judgment and is effectively a go, 
no-go decision on suitability of the particular accelerometer package. Replacement of compo- 
nents beyond this point requires expensive disassembly and recycle. 

Of particular importance is a consideration of “drifts” or “shifts” in instrument outputs. These 
must be evaluated in terms of cause and effect on subsequent instrument performance. Gener- 
ally, at this level, the only diagnostic tools available are the outputs of the accelerometer. Judg- 
ment is based on the changes in these outputs and the full history of instrument test data. 

3.5.6 Prelaunch Checkout and In-Flight Monitoring 

Some means should be provided to allow monitoring of accelerometer output at the vehicle 
prelaunch and in-flight levels. Critical performance parameters such as instrument output 
sLability, temperature, and power consumption should be available as required. Means should 
be provided to detect malfunctions and possible failures. Performance in flight should be 
monitored and relayed to ground stations for use in mission and accelerometer evaluation. 
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4.2 Accelerometer Select ion 
Generally, a successful selection is based on use of a proven device to which minimum risk 
modifications and changes have been proposed. The primary objective of an evaluation program 
would be to investigate and verify acceptability of all proposed changes to an otherwise proven 
accelerometer. Once selection has been made, all necessary documentation can be prepared. 
This would include interface control documents, test specifications, design reviews, etc. Actual 
testing can begin and performance can be verified at an early phase of the program. 

4.2.1 Accelerometer Requirement Definition 

Several major steps can be taken in selecting an accelerometer for a particular application; these 
may be summarized as follows: 

(1) Define the accelerometer function in the system and the accuracy to which the accelero- 
meter is expected to perform. Define the output format. 

(2) Define the expected system environment: temperature, shock, vibration, excitation avail- 
able, strapdown vs. platform configuration, size and weight allowances, etc. 

(3)  Make a tentative selection of an accelerometer configuration. Establish the cost of dif- 
ferent alternatives. Review the application and test history of selected designs. Conduct 
preliminary evaluation tests on candidate instruments. 

(4) Determine what changes or modifications are required to existing, available hardware 
to adapt selected accelerometers to the proposed application. 

(5)  Iterate decisions (1) through (4) above and select candidate accelerometers for the 
particular application. Obtain firm cost proposals. Conduct limited confidence tests. 

(6) Review items (1) through (5) ;  make final decision. 

4.2.2 Com pat i bi I i ty with Mission Req u i rem en t s  
In making an accelerometer selection, a number of performance tradeoffs must be considered. 
Accuracy is, characteristically, the first parameter considered in accelerometer selection since 
it ultimately controls the accuracy of the flight path. Accuracy is the parameter that is most 
sensitive to instrument environmental changes (temperature, shock, vibration, magnetic effects, 
excitation, etc.) and that requires tight control of external environment. High accuracy re- 
quires special design to minimize internal changes such as mass shifts, friction, flex lead re- 
straints, thermal gradients, etc. Accelerometers that meet these requirements are, characteristic- 
ally, very complex and sophisticated inertial sensors. High cost of hardware, production, test, 
and evaluation is to be expected. Consideration should also be given to some sort of self-test 
device within the accelerometer or some other means of verifying operational capability. Some 
designs include a self-test feature such as a test torquer (or forcer) that will allow verification 
of proof mass freedom and a measure of frequency response; they cannot test for linearity, but 
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The probability of successful application of an accelerometer is heavily dependent on the early 
phases of the program. During these early phases, actual inputs and environmental conditions 
may be incompletely defined, but all important parameters must be identified before final 
selection. It is sometimes impossible to establish all conditions precisely (shock and vibration 
in particular) and these must be at least estimated. This has led to the establishment of “pri- 
mary” and “secondary” performance goals as a form of priority control for accelerometer 
selection. 

Accelerometer specifications and all control documents can be based on these priorities. Al- 
lowable tolerances, sensitivites, power requirements, environmental constraints, cost, and weight 
can be outlined. Areas where priorities are not well established can be identified and resolved by 
direct discussions between accelerometer and systems engineers. 

Preparation of adequate interface control documents, test specifications, and related documen- 
tation is an essential major effort in any accelerometer application. This must bc reviewed 
periodically and coordinated by competent engineering personnel in order to assure that major 
performance objectives are identified, controlled and verified. The suggested formats for an 
accelerometer program are outlined in a document of the Institute of Electrical and Electronics 
Engineers (ref. 27). This document, in conjunction with similar documents from the accelerom- 
eter vendor, can provide guidelines for development of major specification documents. 

The accelerometer vendor should be able to supply extensive data .on acceptable test proce- 
dures, operating life and storage life. He should also be able to produce performance history 
from which mean time between failure (MTBF) can be determined. The vendor should also 
be able to provide in-house production and evaluation history that would be of value in deter- 
mining compatibility with mission application. A vendor should be able to provide (1) a history 
of accelerometer performance in similar applications, (2) indications of good manufacturing 
and management capability, (3)  a single experienced person with full management responsi- 
bility, and (4) evidence that quality assurance and reliability groups have an effective voice in 
program direction. 

Tradeoff Factors 

Selection of an accelerometer for a particular application involves a complex evaluation of a 
number of available options or tradeoffs. The major tradeoffs that must be considered in select- 
ing an accelerometer for any application include the particular instrument configuration and 
the associated peiformance, reliability, and cost. These factors are discussed below. 

4.3.1 Performance 

The performance of an accelerometer is determined in terms of the accuracy of its measure- 
ment. In theory, the accelerometer should provide an output signal that is exactly equal to some 
constant times the input. The output is expressed in terms of this constant (scale factor) and has 
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An accelerometer can be calibrated in ground tests where input conditions can be precisely 
controlled. The accelerometer output under these precise conditions is t h k  determined, and 
this calibration is used in system computations. The accelerometer is expected to maintain this 
input-output relationship (calibration) throughout its lifetime. Variations are controlled by 
applying tolerances to the changes in calibration that are acceptable to the operating system. 

Extensive testing may be required to verify that repeatability has been achieved in any design. 
The association of high cost with high precision and repeatability forces a tradeoff in accelero- 
meter selection. 

0 STABILITY 

The output of an accelerometer at any two points in time, with input conditions exactly dupli- 
cated, should be equal. This factor can be defined as output stability with respect to time, and 
both long-term and short-term stabilities are specified. Stability might also be considered as 
“repeatability over long time intervals” and is, therefore, related to “Repeatability,” discussed 
above. 

I 

0 UNCERTAINTY 

Uncertainty may be expressed as a limit on resolution or a limit on repeatability. An accelero- 
meter with a potentiometer pick-off has a large uncertainty due to the unknown effect of friction 
between the wiper and potentiometer. This unknown effect provides a limit on resolution 
and/or repeatability that is expressed as uncertainty. 

Where sliding contacts and suspensions are eliminated, the uncertainty becomes smaller and must 
be extended to include test equipment as well as the instrument. An exhaustive study of uncer- 
tainty is beyond the scope of this monograph, but several texts treat the subject (see refs. 28 and 
29). 

“Dead zone” is a term that appears in many accelerometer discussions. If inputs are less than 
what can be sensed by an accelerometer, then it has a “dead zone.” The analogy to the potentio- 
meter is obvious; if the input to the instrument is so small that the sliding elements do not move, 
it has a “dead zone.” 

0 DYNAMIC RANGE 

The dynamic range of an accelerometer can be expressed as the ratio of maximum to minimum 
input measurement capability. This is dependent on the control of undesired restraints such as 
friction. Instrument development has been oriented towards reducing these restraints by several 
techniques. Potentiometer pick-offs, for example, are used only in low-accuracy applications. 
High accuracy requires a noncontacting pick-off (inductive, capacitative, etc.). The proof 
mass suspension has been steadily refined, going from early ball-bearing configurations to 
flexure suspension, to flotation, to electromagnetic and electrostatic suspensions. 
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TABLE 4.-Error budget-accelerometer scale factor error 

In-flight 
Contributing factors budget 

( 3  u per axis) 

Calibration error 
Output stability 
Discrepancy 
Nonlinearity of residual 
Time repeatabilitya 

Time since calibration 
Duration of use in mission 
Time uncertainty 

Stop storage sensitivitya 
Storage time in same stop 
Storage time in opposite stop 

Electromagnetic interference 
(grounding, etc.) 

Warmupa 
Turn-on transientsa 
Electrical power variations 
Electrical power transientsa 
Thermal effects& 

Instrument 
Electronics 

Magnetic fieldsa 
Vibrations 
Shocka 
Clock instability 
Computational error 
Quantization error 
Decay uncertainty (permanent 

Asymmetry ( under-vibration ) 
magnet torquers) 

Asymmetry stability 
Compensation error 

units 
Calibration scheme I System error 

Factory Prelaunch 

Predicted 
instrumen 
capability 

RSS total scale factor error 
aThese factors depend upon application and mission phase. 
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TABLE 6.-Error budget-accelerometer input axis alignment error 
(alignment of instrument to system reference axis) 

I 
Contributing factors Units 

Calibration scheme 

Factory Prelaunch In-flight 

System error 
budget 

(3operaxis) 

Calibration error 
Stability 
Input discrepancy 
Acceleration sensitivity 
Time repeatability 

Time since calibration 
Duration of iise 
Time uncertainty 

Capture loop dead band 
Threshold instability 
Thermal effects 
Vibration 
Shock 

RSS total alignment error 

Predicted 
instrument 
capability 

TABLE 7.-Error budget-accelerometer dynamic error 

Contributing factors 

Nonlinearity, gz 
Cross coupling 

Output axis angular acceleration 
Angular acceleration 

(IA rotation about OA) 

Radial 
Tangential 

Anisoinertia 
Stored velocity information 

Units 
Calibration scheme I System error 

Factory Prelaunch 
budget I In-flight ( 3  (I per axis) 

Predicted 
instrumen 
capabilio 

RSS total dynamic error 
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0 OVERALL ACCELEROMETER ACCURACY 

From the discussion above, it is apparent that “accuracy” cannot be identified with any one 
parameter since there are a number of parameters that are related and contribute to “accuracy.” 
Broadly, one accelerometer may be “more accurate” than another if it has a wider dynamic 
range. However, if the instrument with the wider dynamic range also has greater sensitivity to 
temperature change, it may be completely unsuited for a particular application. 

Selecting an accelerometer requires that the many factors involved in overall accuracy and 
performance be considered and that the final decision be based on these items. A complete error 
model or error budget can be extremely helpful in listing these parameters and evaluating their 
effect on instrument performance. 

4.3.2 Choice of Capture Loop 

Many forms of capture loops may be used to provide a closed loop accelerometer design. This 
discussion deals with the major categories of electrical and mechanical capture loops. There 
are many subdivisions of the electrical capture loop. Pulsed binary and ternary categories (for 
example, frequency-modulated and pulse-width-modulated) and each form of binary or ternary 
modulation has a counterpart in the other category. No single capture loop can be recom- 
mended for a given application, but it is possible to indicate some of the major factors that 
should be considered in making the selection. 

Some of the major considerations in loop selection are listed in Table 8 and are compared for 
the various types of capture loop. The factors shown in the table assume varying degrees of im- 
portance depending upon the individual application Usually, scale factor and bias are the 
most important accelerometer performance factors, and the interface format (analog or digital) 
and power requirements are important application factors. 

In addition to these major factors of comparison, the following brief guidelines to selection of 
design can be offered: 

(1) The accelerometer output format should be chosen to match the interface into which it 
works. A digital loop can work into a digital interface but is not used where an analog 
interface is required. The analog loop can work directly into an analog interface or, 
through an AID converter, into a digital interface. 

(2) The capture loop should provide for tight restraint of the proof mass. This is particularly 
important in pendulous devices where minimization of cross coupling effects is impor- 
tant. Opinions vary concerning whether the analog or the digital capture loop is in- 
herently tighter, but there is agreement that either is capable of holding pendulous 
displacement down to the order of several arc seconds or less. 
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Current production status should also be reviewed in reliability tradeoff considerations. An 
accelerometer that is currently in production will be .inherently more reliable than one from a 
new or restarting production line. 

0 MEAN TIME BETWEEN FAILURES 

One means of expressing reliability is through the use of Mean Time Between Failure (MTBF). 
Broadly, this is the ratio of operating hours divided by the number of failures. This is a highly. 
volatile number in programs where only a few instruments are involved, since one or two failures 
in a small population can alter the MTBF significantly. 

This number must be checked carefully in making any tradeoff. It must be clearly understood 
what a “failure” means and exactly what is meant by “operational hours.” “Failure” might 
mean a catastrophic failure that renders the accelerometer inoperable, or it might mean an out- 
of-specification condition. The question of when to start recording “operational hours” must 
also be resolved in any program. 

0 ENVIRONMENT 

Broadly, this includes all testing conditions, as well as such conditions as storage, field use, 
temperature exposures, and handling. These factors can have a significant effect on reliability 
and, if unusual care is required, this requirement becomes a tradeoff in comparing various 
accelerometers. 

Some accelerometers must be protected from temperature extremes during storage; they require 
special shipping containers and precautions by all groups who have any interest in this area, 
Historically, large costs and significant program delays have resulted from carelessness during 
shipping and storage. 

0 REDUNDANCY 

Reliability of an accelerometer system can be improved by using redundant accelerometers on 
each axis or by skewing the accelerometers with respect to the principal axes. Redundancy will 
increase cost, complexity, and system power requirements; these factors must be traded off 
against the need for higher reliability. Curves that relate redundant instruments to the fprobab- 
ility of mission success are widely available. One source of redundancy and reliability data is 
reference 30; the relationship of reliability to various types of redundancy is discussed in 
reference 31. 

Redundancy and subsequent reliability also must be considered in the orientation of the strap- 
down accelerometers. The use of one accurate accelerometer in the longitudinal axis and two 
less accurate accelerometers in the cross axes may not be optimum in terms of reliability. The 
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the manufacturer to use more care in design and fabrication and, in turn, yields a more reliable 
accelerometer. This increase in reliability yields a lower overall cost plus confidence that the 
accelerometer will perform its intended mission. Typically, a low-cost accelerometer for shock 
or vibration monitoring will cost approximately $100; a high-accuracy integrating accelerometer 
typically costs several thousand dollars. 

Quality control, like testing, must be reviewed for its effect on overall cost. Tolerances, assembly 
procedures, etc. must be considered at all levels of accelerometer applications. For example, it 
is not good judgment to have mounting pads machined to arc second tolerances on a platform 
system if instrument input axes can be precisely located by calibration procedures at the system 
level. It is necessary that mounting pad accuracy be determined consistent with mission require- 
ments and these tolerances applied. Cost has often been increased by application of excessively 
tight tolerances. 

Cost can be reduced by selecting an instrument in quantity production. This yields the benefit 
of history and also the benefit of learning by the personnel responsible for fabrication and 
testing. Cost and MTBF are related: increasing the MTBF can have a significant effect by forc- 
ing more elaborate precautions at all points through the program. Decisions here are based on 
judgment by well qualified individuals who have access to all performance data and fully under- 
stand the relationships between cost and the many factors relating to MTBF. 

4.4 Testing and Evaluation 

The sole purpose of testing and evaluation is to provide confidence that the accelerometer will 
perform its intended function in the operational system; thus, the importance of an adequate 
test program cannot be overemphasized. 

The objectives of a test program are: 

(1) To verify all major performance parameters. 

(2) To provide sufficient data to allow determination and evaluation of performance trends. 

(3) To provide sufficient data to allow prediction of accelerometer performance on a go, 
. no-go basis in the intended mission. 

(4) To detect failing or marginal units and remove them from the program. 

To meet the objectives above, testing programs can be extensive, particularly in the case of high- 
accuracy accelerometers. Testing programs are carefully planned and require that tests be 
divided into three major classifications, as follows: 

(1) Design qualification tests. 

(2) Acceptance tests. 

(3) Diagnostic tests. 
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4.4.1 Testing Classifications 
In addition to the major testing classifications listed in 4.4, there are three broad groups of test- 
ing that are also recognized and discussed below: 

IN-PROCESS TESTING 

In-process tests are of the component quality control type. Their purpose is to assure that 
suh components (machined parts, cements, assembly procedures, high-potential tests, etc.) of 
the accelerometer are executed properly. While these are largely the responsibility of the de- 
signer and/or manufacturer, they are also of great interest to the user since they can have an ef- 
fect on the application. A close relationship between the manufacturer and the user in this 
area is particularly valuable in failure analysis and correction. The special testing required to 
identify and verify a proposed failure mechanism can be derived only from close cooperation 
between the designer and/or manufacturer and the user. Both will also have an interest in cor- 
rective action and verification that the corrective action has indeed corrected the failure mech- 
anism. 

0 FUNCTIONAL TESTS (COMPONENT) 

Functional tests, which are imposed on a completed accelerometer, include design testing, sen- 
sitivity testing, acceptance testing, and diagnostic testing, as required. In many cases, the test 
sequence is carefully specified in order to provide “before” and “after” data that would be 
critical in estimating performance trends in the intended environment. This is the’ broadest phase 
of testing and is intended to provide all essential component data. A typical list of tests and a test 
sequence are shown in Table 9. For a detailed discussion of the purpose and conduct of these 
tests, the reader is referred to references 28,33, and 34. 

The list of typical accelerometer functional tests shown in table 9 is not exhaustive; additional 
testing may be required in special cases. With some instruments, testing will be more extensive 
than with others. A PIGA must be tested as an accelerometer, but prior to these tests, a group of 
verification tests must be made on the pendulous integrating gyroscope (PIG). These PIG veri- 
fication tests include damping, scale factor, float freedom, and PIG-PIGA alignment. 

0 SYSTEM TESTS (COMPONENT IN SYSTEM) 

System tests establish how the accelerometer will perform in the system for which it was in- 
tended. Typical system tests are: 

Warmup time 

Scale factor 

Bias 

Output sensitivity 

Alignment 

Temperature sensitivity 

Voltage, frequency sensitivity 

Power interruption 

Magnetic fields 

Radiation 

Shock 

Vibration 
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The need for and extent of “off nominal” testing is always a controversial subject. This is the 
practice of intentionally varying system parameters (for example, voltage, temperature, or 
frequency) well beyond the nominal range and observing the effect on the system. This may 
seem a waste of time and funds, particularly when large expenditures have already been made 
to assure that the best possible equipment is available for the mission. The justification for “off 
nominal” tests stems from the often demonstrated fact that, even with the greatest care, all fail- 
ures cannot be predicted. 

An example might be the effect of varying the voltage to an accelerometer. Voltage sensitivity 
has been established (within known worst-worst case tolerances) at the component level, and 
the effect of variation within the established tolerances is predictable and of no concern to mis- 
sion performance. There are many examples where voltages in flight have dropped well below 
worst-worst case tolerances, \ and the component engineer is asked to predict what effect this 
will have on the mission. It is obvious that, without test data, he can only express an opinion. 

Recognizing that the situation above exists, limited “off nominal” testing is allowed. A major 
difficulty exists in identifying which off-nominal conditions are most probable. This requires 
careful judgment; sensitive areas can be spot checked as identified. 

0 ENVIRONMENTAL CONDITIONING TESTS 

Experience shows that random changes in instrument output can be minimized by certain con- 
ditioning tests. Random changes have been traced to thermal cycling, shock, stress relief, and 
other mechanisms within the instrument or system. Conditioning tests are intended to accelerate 
these changes so that maximum stability is reached in minimum time. Conditioning tests include 
extended operation (“burn-in”), thermal shock, thermal cycling, vibration, and shock. Other 
special conditioning tests may be included if their use can be justified. 

4.4.2 Test Planning and Specification 

The development of an adequate test program is essential and is based on the following con- 
siderations: 

(1) The absolute error limits that will be acceptable and will still assure that the accelero- 
meter and system will meet mission requirements must be specified before any effort can 
be made to develop a test program. In tests made at the component levels, the effect of 
system operational environment must be considered. 

(2) Once the nominal values and tolerances on each parameter have been specified, the 
methods by which these are determined must be considered. All component manufacturers 
quote accuracies based on methods and equipment available in-house. These methods 
and equipment are not standardized; the engineer must evaluate the way in which the 
data were obtained. 
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COMPONENT LEVEL 
/ \ 

“BLACK BOX“ r / -  (REPLAC EAB LE ASSEMBLY) 

SYSTEM 

To LERANc E BAND -4‘ 
COMPONENT LEVEL TOLERANCES 
PLUS ACCUMULATED SYSTEM EFFECTS 

Figure 2l.-Specification of errors forming a “Pyramid with the largest tolerance at the 
system level tapering to the smallest tolerance at the component level. Con- 
formance to this pyramid guarantees interchangeability and insures satisfac- 
tory system performance. 

4.4.4 Evaluation of Test Data 

The whole purpose of any test and evaluation program is to provide a basis for sound judgment 
concerning accelerometer performance in its intended mission. By the time an accelerometer 
completes an acceptable test program, adequate evaluation data should exist. An accelerometer 
that has completed a test program with no out-of-specification conditions has a high probability 
of mission success. Probability of mission failure can be minimized by detecting and removing 
marginal units from the vehicle before launch. Diagnostic testing can be used to determine 
cause of marginal behavior or failure, and these conditions can be corrected in subsequent 
units. This iterative process can be effectively used to provide increased reliability and confi- 
dence in instruments that are actually flown. 

Test data should be sufficient to allow observation of stabilities, trends (drifts), and sensitivities 
on each instrument in a system. This provides additional confidence that a particular instrument 
will perform its intended mission. In some cases, a unit that may be trending toward an out-of- 
tolerance condition will be flown on the basis of an extrapolation of trend data that indicates it 
will still meet system requirements. The value of test data is limited in the sense that the only 
absolute conclusion possible is that the instrument passed the test; it cannot guarantee (abso- 
lutely) that the unit will pass any subsequent test or perform successfully in the mission. At pres- 
ent, the only method for predicting performance is to monitor selected parameters, such as scale 
factor and bias, review their history, and use expert engineering judgment. Good reliability 
data on the accelerometer is essential to any predictions of future performance. 

4.5 General Program Considerations 

While the emphasis in this document has been on accelerometer applications, both the accelero- 
meter and the system in which it is used should be considered. The following comments, while 
general, provide a check list that deals with the critical interface between accelerometer and 
system. 
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4.5.1 System Specifications 

4.5.1.1 Alignment and Calibration 

4.5.1.2 Accelerometer Component Level Tests 



4.5.1.3 Subsystem Test 

The subsystem test is the phase between accelerometer acceptance test and actual system- 
level performance tests. It usually consists of a rather limited set of tests establishing that proper 
electrical connections have been made. Some limited performance parameters may be monitored. 
No attempt is made to verify performance goals because adequate control of all system para- 
meters (temperature:, for example) is not practical. Problems in this area can be minimized 
by use of similar system electronic sets at earlier phases of testing. 

4.5.1.4 System Test 

At the system test level, all performance objectives should be demonstrated. Careful preplanning 
and coordination of test procedures, data control, and data evaluation are essential to success at 
this point. Critical parameters are recorded and observed for trends that will be evaluated in pre- 
dicting accelerometer performance as system operation continues on into the flight program. 
Generally, computer programs are required to manipulate data inputs and provide outputs that 
can be evaluated. Stability of output (scale factor and bias) is usually the major criterion con- 
sidered. 

4.5.1.5 Test Data Evaluation 

The test data evaluation phase of the program is most critical since decisions to proceed must be 
made on a go, no-go basis. As much data as possible should be obtained and reviewed by those 
responsible for these decisions, which are based on an evaluation of stability of the accelero- 
meter output in terms of “drift” and “shift.” 

Data evaluation is a highly judgmental procedure, in which drift or shift is traced to the instru- 
ment. Very broadly, a shift may result from contamination in the accelerometer. If a unit shows 
one shift and is stable after a long operational history, it may be assumed that the shift was not 
the result of something in the accelerometer and the unit may be allowed to continue; two or 
more shifts are almost universally a cause for rejection. Drifts are gradual changes in output that 
seem to asymptotically approach a stable value. These drifts result from gradual internal 
accelerometer changes such as fluid absorption into the proof mass, gradual stress relief, 
electronic stabilization, and similar factors. 

No hard-and-fast rules for data evaluation can be presented. A number of factors enter into 
the final decision, not the least of which is educated intuition. 

4.5.1.6 Prelaunch Checkout and In-Flight Monitoring 

At the prelaunch level, the system engineer should (with the cooperation of the accelerometer 
cngineer) establish the criteria for prelaunch checkout of the accelerometer. In many cases, 
t k  is simply a continued monitoring of accelerometer outputs. Comparison of the checkout 
data with earlier system level data provides the basis for decision on a go, no-go basis to pro- 
ceed through launch. System checkout can be facilitated by including a test torquer (or forcer) 
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NASA SPACE VEHICLE DESIGN CRITERIA 
MONOGRAPHS ISSUED TO DATE 

SP-8001 (Structures) 

SP-8002 (Structures) 

SP-8003 (Structures) 

SP-8004 (Structures) 

SP-8005 (Environment) 

SP-8006 (Structures) 

SP-8007 (Structures) 

SP-8008 (Structures) 

SP-8009 (Structures) 

SP-8010 (Environment) 

SP-8011 (Environment) 

SP-8012 (Structures) 

SP-8013 (Environment) 

SP-8014 (Structures) 

SP-8015 (Guidance and 
Control) 

SP-8016 (Guidance and 
Control) 

SP-8017 (Environment) 

SP-8018 (Guidance and 
Control) 

SP-8019 (Structures) 

SP-8020 (Environment) 

Buffeting During Atmospheric Ascent, Revised November 1970 

Flight-Loads Measurements During Launch and Exit, 
December 1964 

Flutter, Buzz, and Divergence, July 1964 

Panel Flutter, July 1964 

Solar Electromagnetic Radiation, Revised May 1971 

Local Steady Aerodynamic Loads During Launch and Exit, 
May 1965 

Buckling of Thin-Walled Circular Cylinders, Revised 
August 1968 

Prelaunch Ground Wind Loads, November 1965 

Propellant Slosh Loads, August 1968 

Models of Mars Atmosphere (1967), May 1968 

Models of Venus Atmosphere (1968), December 1968 

Natural Vibration Modal Analysis, September 1968 

Meteoroid Environment Model - 1969 (Near Earth to Lunar 
Surface), March 1969 

Entry Thermal Protection, August 1968 

Guidance and Navigation for Entry Vehicles, November 1968 

Effects of Structural Flexibility on Spacecraft Control Systems, 
April 1969 

Magnetic Fields - Earth and Extraterrestrial, March 1969 

Spacecraft Magnetic Torques, March 1969 

Buckling of Thin-Walled Truncated Cones, September 1968 

Mars Surface Models (1968), May 1969 
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SP-8041 (Chemical 
Propulsion) 

SP-8042 (Structures) 

SP-8043 (Structures) 

SP-8044 (Structures) 

SP-8045 (Structures) 

SP-8046 (Structures) 

SP-8047 (Guidance and 
Control) 

SP-8048 (Chemical 
Propulsion) 

SP-8049 (Environment) 

SP-8050 (Structures) 

SP-8051 (Chemical 
Propulsion) 

SP-8052 (Chemical 
Propulsion) 

SP-8053 (Structures) 

SP-8054 (Structures) 

SP-8055 (Structures) 

SP-8056 (Structures) 

SP-8057 (Structures) 

SP-8058 (Guidance and 
Control) 

SP-8059 (Guidance and 
Control) 

SP-8060 (Structures) 

SP-8061 (Structures) 

Captive-Fired Testing of Solid Rocket Motors, March 1971 

Meteoroid Damage Assessment, May 1970 

Design-Development Testing, May 1970 

Qualification Testing, May 1970 

Acceptance Testing, April 1970 

Landing Impact Attenuation For Non-Surface-Planing Landers, 
April 1970 

Spacecraft Sun Sensors, June 1970 

Liquid Rocket Engine Turbopump Bearings, March 1971 

The Earth's Ionosphere, March 1971 

Structural Vibration Prediction, June 1970 

Solid Rocket Motor Igniters, March 1971 

Liquid Rocket Engine Turbopump Inducers, May 1971 

Nucle,, dnd Space Radiation Effects on Materials, June 1970 

Space Radiation Protection, June 1970 

Prevention of Coupled Structure-Propulsion Instability (Pogo), 
October 1970 

Flight Separation Mechanisms, October 1970 

Structural Design Criteria Applicable to a Space Shuttle, 
January 1971 

Spacecraft Aerodynamic Torques, January 1971 

Spacecraft Attitude Control During Thrusting Maneuvers, 
February 1971 

Compartment Venting, November 1970 

Interaction With Umbilicals and Launch Stand, August 1970 
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SP-8092 (Environment) 

SP-8095 (Structures) 

SP-8096 (Guidance and 
Control) 

SP-8098 (Guidance and 
Control) 

Assessment and Control of Spacecraft Electromagnetic 
Interference, June 1972 

Preliminary Criteria for the Fracture Control 
of Spacecraft Structures, June 1971 

Space Vehicle Gyroscope Sensor Applications, October 1972 

Effects of Structural Flexibility on Entry Vehicle Control 
System, June 1972 
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